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Public Law 93-577 

As the  issues surrounding energy policy formation pro1 i f e ra t e ,  a t ten t ion  has been 
called t o  the concept of "net energy" as  noted i n  PL 93-577 (Federal Non-nuclear 
Energy Research and Development Act of 1974). The relevant section of t he  Act is  
as follows: 

"The potential for  production o f  net energy by the proposed technology a t  
the stage o f  comnercial application shall  be analyzed and considered in 
evaluating proposals." 

The concern f o r  net energy, basically the amount of energy t h a t  i t  takes t o  deliver 
energy i n  usable form, has been voiced because, a s  we r u n  sho r t  o f  petroleum and as 
we seek national self-sufficiency, the new technologies tha t  we employ to  ex t rac t  
and transform energy require an energy penalty themselves. Thus ,  as  we climb the  
curve of energy output, the  diminishing returns will  push US i n t o  a more and more 
r a p i d  r a t e  of resource depletion and cost penalty, perhaps forcing a re-evaluation 
nf consumer demand schedules. 
forms o f  energy may cost more energy t o  get t h a n  they pay back. 

Methodology 

This paper i s  based on a study sponsored by the U. S. Department of t he  In te r ior  
(Reference 1) .  Data for  other fuel supply pathways a l so  are presented i n  Reference 1. 
The goal  of t h i s  study was t o  calculate the t rue  ener y costs t o  soc ie ty  associated 
with the delivery of a given amount of usable energy V l D O O  Btu) by various energy, 
supply systems. 
d i r e c t  process energy requirements b u t  a l so  the  ind i r ec t  costs associated with the 
production o f  the process energy i t s e l f  and w i t h  the production of t he  plant 
operating supplies and (amortized) capital  equipment. 

E x i s t i n g  methods of energy analysis were reviewed. 
categories: ver t ica l  ana lys i s ,  pure I n p u t / O u t p u t  energy analysis,  and  the approach 
known under the general name of eco-energetics, developed by H. Odum. 
analysis -- detailed tracing of each equipment input back t o  i t s  resource form -- 
was considered to be too tedious. Pure Input/Output analysis,  using s t a t i s t i c a l  
data associated w i t h  the current United S ta tes  economy, could not per s e  r e f l ec t  
the e f f ec t s  of the newer or fu ture  energy technologies. 
approach was  not u t i l i zed  because the concepts and procedures a re  n o t  suf f ic ien t ly  
developed a t  the present time. 

I t  f i n a l l y  was decided t o  use a combination of process analysis and  Input/Output 
theory, the  f i r s t  time t h a t  t h i s  hybrid approach has  been taken. 
was used t o  t r e a t  the d i r ec t  process energy contributions,  and Input/Output 
coefficients were u t i l i zed  t o  t r e a t  the indirect  capital  energies. 

The various steps associated with each energy delivery pathway were analyzed in  a. 
modular fashion, converting each of the external d i r ec t  and ind i rec t  energy inputs 
as  described above (Figure 1 ) .  These then were combined, with the appropriate 
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t ranspor ta t i on  steps included, t o  g i v e  complete energy d e l i v e r y  pathways (Figure 2). 
Prov is ions  were included i n  each pathway t o  t ranspor t  raw mate r ia l s  and water t o  
t h e  p lan t  s i t e ,  when necessary, and a l so  t o  b r i n g  a l l  products and by-products t o  
cen t ra l  d i s t r i b u t i o n  po in ts .  By-product energy values were genera l l y  determined 
bu t  no t  added t o  the resource energy output. The primary except ion t o  t h i s  was i n  
the  o i l  pathway, where a l l  r e f i n e r y  products were included as p a r t  o f  the  resource 
y i e l d .  
(e.g., an o i l  d e l i v e r y  t ruck )  were n o t  included. 

The dramatic e f f e c t s  t h a t  t he  many dec is ions  associated w i t h  the  cons t ruc t i on  o f  
each energy pathway can have on t h e  r e s u l t s  should be noted a t  t h i s  po in t .  These 
va r ia t i ons  f a l l  i n t o  th ree  major categor ies:  deposi t - re lated, process-related, 
and assumption-related (F igu re  3). I n  the  case o f  t he  depos i t - re la ted  va r ia t i ons ,  
t he  depos i t  q u a l i t y  can s t rong ly  af fect  the r e s u l t i n g  i n  . s i t u  resource consumption 
and energy subsidy. S i m i l a r l y ,  t h e  ta rge ted  ex ten t  of resource recovery  and t h e  
l o c a t i o n  of  t h e  var ious p l a n t s  along t h e  energy pathway can s i g n i f i c a n t l y  a f f e c t  
t he  resu l t s .  

Equipment and opera t ing  energies associated with f i n a l  p roduc t  d i s t r i b u t i o n  

Pathway f o r  Fuel O i l  from Crude O i l  

The data f o r  t he  f u e l  o i l  from crude pathway were drawn from Un i ted  Sta tes  n a t i o n a l  
i ndus t r y  t o t a l s  f o r  t he  year 1972 i n  order t o  es tab l i sh  volumes, opera t ing  costs, 
and cu r ren t  investments i n  as comprehensive a manner as possible.  References 2 - 4 
were the  pr imary data sources. A t  t h e  e a r l y  stages of the  supply pathways, o i l  and 
gas product ion are  h i g h l y  associated. For example, about 22 percent  (1972 basis)  
of t h e  energy from o i l  we l l s  i s  i n  t h e  form o f  gas. S im i la r l y ,  i n  every 1000 B tu  
of r e f i n e r y  product, t he re  a r e  126 B tu  o f  l i q u i d s  f rom na tu ra l  gas p lan ts .  These 
ef fects were taken i n t o  account and cor rec ted  f o r  when c a l c u l a t i n g  t h e  resource 
f lows and ex terna l  energy subs id ies  associated with R&D, ex t rac t i on ,  e t c .  

The da ta  fo r  t h e  f u e l  o i l  from crude pathway are  summarized i n  Table 1. The f i r s t  
column traces the  crude from i t s  i n  s i t u  s t a t e  t o  i t s  f i n a l  energy fo rm normalized 
t o  1000 Btu output.  
(e.g:, by evaporat ion o r  s p i l l a g e )  o r  t o  actual  i n t e r n a l  consumption o f  t h e  resource 
w i t h i n  the  step. The 2954.4 Btu  o f  i n i t i a l  in-ground crude resource a l so  inc ludes  
the  crude l e f t  behind i n  t h e  ground (about 68% o f  t he  o r i g i n a l  depos i t  f o r  p r imary  
and secondary recovery). 
the o i l  resource f low. 
represents p r i m a r i l y  i n t e r n a l  consumption o f  o i l  i n  t h e  var ious  process u n i t s  and 
a u x i l i a r y  u n i t s .  

The components o f  the  ex terna l  energy subsidy a r e  d isp layed i n  the  nex t  two columns 
f o r  each step i n  the  pathway, again a l l  normalized t o  support  1000 Btu o f  f u e l  ou t -  
put. External  energy i s  (somewhat a r b i t r a r i l y )  de f ined as a l l  energy de l i ve red  t o  
the p l a n t  from outs ide  the  p l a n t  boundaries. 
opera t ing  and c a p i t a l  components. The operat ing energy component inc ludes  d i r e c t  
process energy and i n d i r e c t  energy embodied i n  opera t ing  supp l ies  and maintenance. 
D i r e c t  e l e c t r i c i t y  use i s  converted a t  a r a t e  o f  11,405 Btu/kwh. Land rec lamat ion  
energies a l so  a re  included as p a r t  of t he  operat ing energies. 
ponent includes the  amortized c a p i t a l  equipment and p l a n t  cons t ruc t i on - re la ted  
energies. 

The 1/0 energy c o e f f i c i e n t s  f o r  es t imat ing  energy i m p l i c i t  i n  ma te r ia l  and equip- 
ment, expressed as Btu/$, were taken from the  1967 da ta  i n  Reference 4 with 
s u i t a b l e  co r rec t i on  f a c t o r s  app l ied  f o r  i n f l a t i o n ,  U. S. energy i n t e n s i t y  (i.e., 
coal versus crude), e tc .  The c q e f f i c i e n t s  a l l  were normalized t o  1974 do l l a rs .  
Typ ica l  cor rec ted  c o e f f i c i e n t  values ranged from about 40,000 Btu/$ f o r  general 

The d iminu t ion  o f  resource i n  a s tep  can be due t o  t r u e  l o s s  

The l i q u i d  gas p l a n t  products (126.3 Btu) a r e  added t o  
The resource l o s s  o f  about 70 Btu i n  the  r e f i n i n g  step 

The energy subsidy i s  d i v i d e d  i n t o  

The c a p i t a l  com- 



construction ac t iv i ty  t o  about 60,000 Btu/$ f o r  major items of chemical plant 
equipment. 
energy coef f ic ien t  of about 170,000 Btu/$. 
energies from these 1/0 energy coefficients,  the  plant capital  cost  was typically 
disaggregated in to  5 - 10 subcategories. 
material-related energies a r e  further disaggregated in to  their three  basic compo- 
nents -- B t u  from coal,  o i l  plus gas, and hydro plus nuclear. 

The fuel o i l  portion of the refinery product slate i s  about 6.11 percent by volume 
(1972 basis) b u t  consumes only about 3.4 percent of the  to t a l  refinery operating 
and capital  energies f o r  i t s  production (Reference 1 ) .  
energy subs idy  fo r  fuel o i l  production i n  the refinery is the  la rges t  subsidy i n  
Tabel 1 (35.58 B t u ) .  
and the remainder i s  primarily e l ec t r i c i ty .  Another s ign i f icant  external subsidy 
i s  the  6.75 Btu associated with well d r i l l i ng  and w i t h  the well cap i ta l  equipment. 

In summary, 2954.4 B t u  of reserve (crude) and 48.68 B t u  of external energy are 
u t i l i zed  t o  produce 1000 B t u  of fuel o i l .  
was examined in Reference 1.  For t h i s  pathway, 117.32 B t u  of external subsidy a re  
consumed per 1000 B t u  of fuel o i l  output, due primarily t o  the high chemicals con- 
sumption associated w i t h  the  t e r t i a r y  recovery operation. 

The ca ta lys t s  and chemicals Category. in par t icu lar ,  had a very high 
For the purposes of evaluating capital  

In Reference 1 ,  the ind i rec t  capital  and 

The external operating 

About 80 percent of t h i s  purchased energy is natural gas, 

The t e r t i a r y  oi l  recovery pathway also 

Pathway for-Fuel Oil from O i l  Shale 

This analysis i s  based primarily on an economic evaluation of shale o i l  production 
by the  U. S .  Department of the In te r ior  u t i l i z ing  the so-called g a s  combustion 
r e t o r t  process (Reference 6).  
located in  Colorado and cons is t s  of three mines, three re tor t ing  p lan ts ,  and a 
re f inery  t o  produce a semi-refined o i l  a t  a r a t e  of 100,000 B/D. 

The average oi l  content of the shale rock i s  30 gallons/ton. 
ground mines w i t h  mining by t h e  conventional room and p i l l a r  technique. 
44 T/D of explosives a re  required. The e lec t r ica l  power f o r  the  mine and process 
plants i s  generated within the mine/plant complex. 

The crude shale o i l  from the r e to r t s  flows by pipeline t o  t he  re f inery ,  a distance 
of about 40 miles. 
re f inery  f o r  use as  process fuel and f o r  power generation. 
is  s lur r ied  and pumped back i n t o  the mines, and the  remainder is deposited in  a 
canyon. 

In the refinery,  the  crude i s  heated and charged to  a d i s t i l l a t i o n  column where i t  
i s  separated in to  overhead and bottoms fractions (about 50 percent overhead). The 
overhead f rac t ion  i s  depropanized t o  yield d i s t i l l a t e  a t  a r a t e  of 52,345 barrels 
per calendar day. 

The bottoms f rac t ion  from the d i s t i l l a t i o n  column i s  fed t o  delayed coking units. 
The d i s t i l l a t e  product from the  cokers i s  cooled, depropanized, and charged to  
hydrogenation along with the crude d i s t i l l a t i o n  tower overhead f r ac t ion .  
from the drums, 1710 t o n s  per calendar day, is stored for  s a l e .  
produce a product containing about 60 volume percent material i n  the gasoline 
boiling range. 
genated product (100,000 barrels per calendar day) i s  pumped t o  storage. 

The gas streams from the hydrogenation, delayed coking, and d i s t i l l a t i o n  contain 
su l fur  and nitrogen, in the  form of hydrogen su l f ide  and ammonia, ava i lab le  fo r  
recovery. The hydrogen su l f ide  is ultimately processed i n  a Claus u n i t  t o  yield 

The hypothetical o i l  shale processing complex is 

The mines a r e  under- 
About 

The excess low-Btu gas from the r e to r t s  a l so  i s  piped t o  the 
Part  of t he  spent shale 

The coke 
The hydrocrackers 

The uncondensed gas is  used fo r  plant fuel ,  and the  l iqu id  hydro- 
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85.5 tons  per calendar day of sulfur.  
y ie ld  275.5 tons per calendar day. 

A portion of the above gas streams, a f t e r  hydrogen su l f ide  and ammonia removal, 
i s  passed t o  a hydrogen plant t o  supply hydrogen fo r  hydrogenation, and the  
renainder i s  u t i l i zed  f o r  process fuel and on-site power generation, supplemented 
by 3.61 MM SCF per calendar day of purchased natural gas. 

The resource path fo r  the o i l  shale system i s  shown i n  the  f i r s t  column o f  Table 2. 
BY analogy with underground coal mining, 43 percent o f  the resource was assumed t o  
be l e f t  i n  the ground (e.g., as  p i l l a r s  in the mine). The heat content of the by- 
products (coke, sulfur ,  and ammonia) was not included as par t  of the resource 
O u t p u t ,  although i t  was equivalent t o  about 8 percent of the product o i l  energy. 

The external subsidies a r e  shown i n  the next two columns o f  Table 2. 
mines and plants a re  designed as  a single,  integrated complex, i t  was not possible 
t o  separate the subsidies. For example, power used in  the mine i s  generated a t  
the refinery u t i l i z ing  bo th  excess low-Btu r e t o r t  gas and purchased natural gas. 
This excess r e t o r t  gas represents an internal resource consumption. 

The external operating subsidy of 32.9 B t u  i s  shown in de ta i l  in  Table 3.  
subsidies a re  seen t o  be f a i r l y  evenly d is t r ibu ted  among such items a s  purchased 
natural gas, ca ta lys t  and chemicals, and explosives. The o i l  transport  s t ep  
assumed a 500-mile pipeline,  of which 300 miles was existing and 200 miles repre- 
sented new construction. 

Conparison of Crude O i l  and O i l  Shale Results 

A t  f i r s t  glance, the o i l  shale external subsidy of 39.1 B t u  per 1000 versus the  
crude o i l  subsidy of 48.7 would appear t o  indicate tha t  o i l  from o i l  shale requires 
less  external energy than o i l  from crude o i l .  However, the  shale o i l  pathway was 
designed, in effect ,  t o  minimize the external subsidies,  b u t  the crude pathway was 
not. For example, about 180,000 kw of power a re  generated within the  sha le  mine- 
plant complex. 
subsidy of about 80 Btu per 1000 Btu  output i f  i t  were purchased from outside the 
plant. 
per 1000 B t u  would be eliminated. The resu l t ing  total  external subsidy f o r  the 
external power purchase pathway would be on the order of 113 - 119 B t u  per 1000 
B t u ,  wh ich  i s  seen t o  be s ign i f icant ly  grea te r  than tha t  fo r  crude o i l .  

I t  should be noted t ha t  a l l  of the above subsidies ind i rec t ly  r e f l e c t  the re la -  
t ive ly  low "energy t o  produce energy" of the  United States economy over the l a s t  
decade. 
equipment was produced using easy-to-obtain energy. As some of the above newer, 
nore energy-intensive energy supply systems permeate the economy, these higher 
order energy ef fec ts  will s t a r t  to  increase a l l  of the external subsidies and 
resource consumptions. 

The ammonia i s  recovered i n  l iqu id  form t o  

Because the  

The  

Converted a t  11,405 B t u / k w h ,  t h i s  corresponds t o  an additional 

O f  course, a t  l e a s t  a par t  o f  the  current natural gas subsidy of 6 .2  B t u  

Stated d i f fe ren t ly ,  the s teel  used, fo r  example, i n  the shale processing 
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Table 1 

SUi.lIVlRY - FUEL OIL PRODUCTION 

Basis: 1,000 Btu O u t p u t  

Resource 
Pathway Reaai n i ng 

Step  (Btu) 

In ground 2954.4 
( s t a r t )  

Research & 
Exploration - 
Production 945.4 

Gathering 945.1 

Add 
Natural Gas 

Plant Prod. 126.3 
Avail ab1 e 1071 -4 

Crude P i  pel i ne 1070.8 

Refinery Input 1070.5 

Refinery O u t p u t  1000.3 

Product Pipeline 1000.0 

TOTAL 

Energy Subsidy (Btu) 
Operati n 9  Capital Total 

1.06 - 1.06 

2.58 6.75 9.33 

0.01 0.13 0.14 

0.02 0.08 0.10 

0.06 0.54 0.60 

35,58 1.31 36.89 

0.05 0.51 0.56 

39.36 9.32 48.68 



Table 2 

SUi?'!Ap,Y - . O I L  SHALE 

Basis: 1,000 Btu Output 

Resource 
Pathway Remaining Energy Subsidy (Btu) 

Total  - Operating Capital Step @tu)  
- 261 4.5* - 

( s t a r t )  

R & D  2614.5 3.6 - 3.6 

Mi ne 1490.3*** (**I (** 1 (**I 

Plant Complex 1000.0 23.5 6.0 29.5 

?000.0 5.8 0.2 6. C! , , a t l apor t  

TOTAL 32.9 6.2 39.1 

Tu--.- 

* In ground ** 
*** Resource a t  mine mouth 

Included as p a r t  of plant complex 
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Figure 3 

PATHWAY VARIATIONS 

Deposi t-Re1 a ted Var ia t ions 

Loca t ion  of Deposit 

Depth o f  Deposi t  

Thickness o f  Seam 

Q u a l i t y  of Deposi t  

( O i l  Content o f  Shale) 

( I n t e n s i t y  o f  Solar  Radiat ion)  

Process-Re1 ated Var ia t i ons  

Extent  o f  Recovery o f  Resource 

S t a t e  o f  Development o f  Technology 

(Pr imary Vs. T e r t i a r y  O i l  Recovery) 

(Room and P i l l a r  vs. Longwall Min ing)  

(Lu rg i  vs. Hygas f o r  Coal G a s i f i c a t i o n )  

(Surface R e t o r t i n g  vs. Mod i f i ed  I n  S i t u  f o r  O i l  Shale) 

(Gas Cen t r i f uge  \IS. Gaseous D i f f u s i o n  f o r  Nuclear)  

Pathway Assumption-Related Var ia t i ons  

Locat ion:  Mine/Conversion Plant/Power Plant /Ul  t ima te  Use 

Transpor tat ion:  Raw Materjals/Water/Products/By-products 

New vs. E x i s t i n g  Transpor tat ion F a c i l i t i e s :  R a i l / P i p e l i n e  


